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Previous studies with simian immunodeficiency virus (SIV) infection of rhesus macaques suggested that the
intrinsic susceptibility of peripheral blood mononuclear cells (PBMC) to infection with SIV in vitro was
predictive of relative viremia after SIV challenge. The present study was conducted to evaluate this parameter
in a well-characterized cohort of six rhesus macaques selected for marked differences in susceptibility to SIV
infection in vitro. Rank order relative susceptibility of PBMC to SIVsmE543-3-infection in vitro was main-
tained over a 1-year period of evaluation. Differential susceptibility of different donors was maintained in CD81

T-cell-depleted PBMC, macrophages, and CD41 T-cell lines derived by transformation of PBMC with herpes-
virus saimiri, suggesting that this phenomenon is an intrinsic property of CD41 target cells. Following
intravenous infection of these macaques with SIVsmE543-3, we observed a wide range in plasma viremia which
followed the same rank order as the relative susceptibility established by in vitro studies. A significant
correlation was observed between plasma viremia at 2 and 8 weeks postinoculation and in vitro susceptibility
(P < 0.05). The observation that the two most susceptible macaques were seropositive for simian T-lympho-
tropic virus type 1 may suggests a role for this viral infection in enhancing susceptibility to SIV infection in
vitro and in vivo. In summary, intrinsic susceptibility of CD41 target cells appears to be an important factor
influencing early virus replication patterns in vivo that should be considered in the design and interpretation
of vaccine studies using the SIV/macaque model.

Human immunodeficiency virus type 1 (HIV-1) infection of
humans is a fatal disease in the vast majority of patients, with
a median survival of about 10 years from the time of diagnosis.
However, the disease course in HIV-infected patients is highly
variable, ranging from long-term asymptomatic survival for
over 15 years (4, 8, 46) to rapid progression to AIDS within 1
or 2 years of infection (32, 38, 39, 42). Of particular interest are
those patients that remain healthy, the long-term nonprogres-
sors (4, 46). Persistent replication of virus is observed through-
out infection (10, 47, 56). The level at which plasma viremia
stabilizes following primary HIV infection is a highly signifi-
cant prognostic indicator of subsequent disease course (37, 45),
suggesting that host immune mechanisms in the early period
after seroconversion are critical in the control of viremia. In-
deed, the development of cytotoxic T lymphocytes (CTL) spe-
cific for HIV occurs concurrently with a decrease in primary
plasma viremia, consistent with a role of CD81 CTL in con-
trolling virus replication (26, 41). The reasons behind nonpro-
gression are unclear but encompass both host and viral factors.
Host factors that influence disease progression include dele-
tions in the chemokine coreceptor gene (CCR5) (8, 54),
strength of the CTL response (23, 26, 41, 44), strength of the
antibody response (33), and major histocompatibility complex
(MHC) class I haplotype (5, 15). In addition, factors such as
the biologic phenotype of the infecting virus, coreceptor usage,
or attenuating mutations such as nef gene deletions in the

infecting viral strain may also influence the rate of disease
progression (7, 12). The rate of evolution of the HIV-1 enve-
lope varies depending on the rate of disease progression of the
patient (36). The viral strains, dose, and route of infection are
highly variable among HIV-infected patients, making analysis
of the contributions of host mechanisms to differences in dis-
ease progression complex.

Animal model systems are critical for gaining an in-depth
understanding of the pathogenesis of AIDS. Simian immuno-
deficiency virus (SIV) infection of macaques is a highly rele-
vant model for these types of studies since it induces an im-
munodeficiency syndrome that is remarkably similar to that
seen in HIV-infected humans (1–3, 17, 28, 29, 35, 58). The
median survival time of SIV-infected macaques is considerably
shorter than for HIV-infected humans, ranging from 1 to 2
years depending on the strain of virus (1, 17). Like HIV-1-
infected humans, SIV-infected macaques exhibit variable dis-
ease course even when inoculated with a common molecularly
cloned virus (19, 20, 24). This is consistent with a strong influ-
ence of host factors on disease expression. There is also evi-
dence from sequential studies that the virus can evolve in terms
of virulence during the course of infection (9, 25). The majority
of SIV-inoculated animals develop progressive disease and
succumb to AIDS over a 1- to 2-year period. However, a few
SIV-inoculated macaques exhibit low levels of virus replication
and develop a nonprogressive infection, and a few progress
rapidly to AIDS in a period of less than 6 months. These latter
animals characteristically do not develop SIV-specific antibod-
ies and exhibit persistent high levels of viral replication (17, 18,
55, 58).

As observed in humans infected with HIV-1, the postsero-
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conversion viral load or viral load set point is also a strong
predictor of disease progression in the SIV/macaque model
(18, 55). The rate of development of viremia and the peak
levels during primary viremia also appear to correlate with
disease progression (31, 43, 52). The decrease in plasma vire-
mia after seroconversion is coincident with the development of
a CD81 CTL response in SIV-infected macaques (27). Con-
sistent with a role for CTL in controlling viremia, in vivo
depletion of CD81 T cells by administration of antibody results
in higher levels of viremia and more rapid progression follow-
ing SIV challenge of macaques (27). MHC class I haplotype
also appears to influence the rate of disease progression (11)
but has been studied far less intensively than in HIV-infected
humans. There is also emerging evidence that the strength of
the CTL response in macaques influences the viral set point
and thereby disease progression. The percentage of CD81 T
cells that bind the MHC class 1/peptide tetramer in SIV-in-
fected macaques that express the MHC class I allele Mamu-
A*01 correlates inversely with the level of postseroconversion
plasma viremia (51). These data suggest that the strength of
the CTL response may be predictive of plasma viral set point
and subsequent disease progression. Previous studies have sug-
gested that there also may be nonimmune mechanisms respon-
sible for some of the disease variability among SIV-infected
macaques (31). A retrospective study revealed that the in vitro
susceptibility of mitogen-stimulated peripheral blood mononu-
clear cells (PBMC) of individual macaques to infection with
SIV was predictive of the subsequent levels of plasma viremia
(31). This study found no significant differences relative pro-
portions of CD41 T cells or in the expression of chemokines.
Preliminary analysis suggested that the differences in intrinsic
susceptibility were a property of the CD41 target cells rather
than a CD8 suppressor phenomenon.

In this study, we expanded on this previous observation by
extensively characterizing in vitro susceptibility to SIV infec-
tion in longitudinal samples from a small cohort of macaques
prior to challenge with a pathogenic SIV strain. The influence
of MHC haplotype and CTL response to disease progression
was considered as a separate issue. The purpose of this study
was to confirm whether in vitro susceptibility was an accurate
predictor of subsequent in vivo viral replication in macaques
and to determine the cellular mechanisms responsible for dif-
ferences in susceptibility to SIV.

MATERIALS AND METHODS

Animals. A cohort of 22 Indian-origin rhesus macaques from a single com-
mercial source were screened for in vitro susceptibility to SIVsmE543-3 as
described below. Six rhesus macaques were selected for further study. Macaques
were screened for coinfection with herpesvirus B virus, rhesus cytomegalovirus,
Epstein-Barr virus, simian type D retrovirus, SIV, and simian T-lymphotropic
virus type 1 (STLV-1). All were seronegative for simian type D retrovirus and
SIV and seropositive for all herpesviruses evaluated. Two animals (444 and 445)
were seropositive for STLV-1. Animals were housed in accordance with federal
guidelines (42). Macaques were inoculated intravenously with 1 ml of cell-free
SIVsmE543-3 (10,000 50% tissue culture infective doses [TCID50]) and moni-
tored sequentially for virus isolation from PBMC, plasma viral RNA levels
antibodies by Western blot analysis, histopathology, and flow cytometric analysis
of lymphocyte subsets.

In vitro susceptibility assay. PBMC were separated by centrifugation through
Ficoll (lymphocyte separation medium) and resuspended in RPMI 1640 with 5
mg of phytohemagglutinin (PHA) per ml, 10% fetal calf serum (FCS), and 10%
interleukin-2 (IL-2) at a density of 2 3 106 PBMC per ml. Three to four days
after initial culture, aliquots of 2 3 106 PBMC were incubated for 1 h with 1 ml
of serial 10-fold dilutions of a cell-free virus stock of SIVsmE543-3 that was
generated by transfection of CEMx174 cells. PBMC were washed with Hanks
balanced salt solution to remove residual virus, resuspended in RPMI 1640 with
10% FCS and 10% IL-2, and cultured in 48-well tissue culture plates. Culture
supernatant were collected at days 0, 3, 7, 10, 14, and 17 after infection and
monitored for the presence of virus by reverse transcriptase (RT) assay and
antigen capture assay for SIV p27 antigen (Coulter Corp.). The minimal TCID

or endpoint titer of virus required to infect the cells of different donors was
determined as the last dilution in which virus was detected by 17 days after
infection.

Infection of CD81-depleted PBMC or monocyte-derived macrophages
(MDM). CD81 cells were depleted from some PBMC cultures using two se-
quential incubations with CD8 Dynabeads (Dynal) on freshly separated PBMC
prior to addition of PHA. The degree of CD8 depletion was assessed by flow
cytometry for CD3, CD4, and CD8 markers prior to culture of the cells and at the
time of infection. Macrophage cultures were prepared as previously described
(19). Briefly, PBMC were plated in wells of a 24-well tissue culture plate at a
density of 107 cells in RPMI 1640 with 10% FCS and 10% normal macaque
serum. At 4 days, adherent macrophages were washed extensively with Hanks
balanced salt solution to remove residual lymphocytes and infected with serial
dilutions of virus. Cultures were confirmed to be 98% macrophages by a-naph-
thyl acetate esterase stain (Sigma Diagnostics, St. Louis, Mo.) and immunohis-
tochemistry using antibody to Ham56. Supernatants were assessed in parallel for
RT activity and p27 antigen.

Viruses and cell lines. The majority of studies were performed with the
molecularly cloned pathogenic SIVsmE543-3 (19). In vitro susceptibility to SIV-
mac251 was also assessed. T-cell lines were derived from each of the six ma-
caques by transformation of CD81 T-cell-depleted PBMC with herpesvirus
saimirii (HVS; a gift from R. C. Desrosiers) generated by infection of OMK 637
cells (American Type Culture Collection, Manassas, Va.). For transformation,
PBMC were incubated with 1 ml of virus stock, washed, and seeded into 12-well
plates in RPMI 1640 with 20% FCS and a 1:256,000 dilution of b-mercaptoetha-
nol. PBMC were fed with 50% medium changes twice weekly and transferred to
T25 flasks after 2 to 3 weeks in medium containing 10% IL-2 (Hemagen), when
the cells began to proliferate and were slowly expanded.

Proliferation assay. PBMC were separated on Ficoll (in lymphocyte separa-
tion medium), suspended in RPMI 1640 at a density of 106 cells per ml, and
aliquoted into a 96-well tissue culture plate at 100 ml per well. Cells were
incubated in the presence of 10% human AB serum with or without the addition
of mitogens. Titrations of 0.5, 1, and 2 mg of concanavalin A (Sigma), Staphylo-
coccus endotoxin A (ICN), pokeweed mitogen (Gibco/BRL, Gaithersburg, Md.),
and PHA were performed to select the optimal concentration of each mitogen.
Data shown in Table 2 are results of a proliferation assay using 5 mg of PHA per
ml plus 10% IL-2, the concentrations of these reagents used for the in vitro
susceptibility assay. PBMC were incubated for 6 days at 37°C and then incubated
with 1 mCi of [3H]thymidine for 18 h. Cells were harvested the next day, and the
incorporation of [3H]thymidine was assayed. The mean value of six wells of
resting cells was compared to the mean value obtained with mitogen (six wells)
to obtain a stimulation index, and the standard deviation was calculated.

Flow cytometry. Lymphocyte subsets in PBMC and transformed T-cell lines
were analyzed by flow cytometry using a Coulter EPICS cell sorter. Monoclonal
antibodies used included CD3-phycoerythrin (PE) (a gift from P. R. Johnson,
New England Regional Primate Research Center), OKT4-fluorescein isothio-
cyanate (FITC) for CD4 (Ortho Diagnostics), Leu2a-FITC or -peridinin chlo-
rophyll protein for CD8 (Becton Dickinson), CCR5-FITC (2D7; Leukosite),
CD45RA-PE-Cy5 (Serotec), CD62L-PE (Leu8; Becton Dickinson), and HLA-
DR-PE (Becton Dickinson). DR was used as a marker for activation on gated
CD31 or CD41 T cells.

RESULTS

A total of 22 rhesus macaques were tested to assess variabil-
ity in intrinsic susceptibility of their PBMC to SIVsmE543-3.
Equal numbers of PBMC from each donor were infected with
serial 10-fold dilutions of SIVsmE543-3 from undilute to a
1:1,000,000 dilution as described in Materials and Methods.
The production of virus was assessed longitudinally by produc-
tion of RT activity and SIV p27 antigen in culture superna-
tants, and a minimal TCID was determined for each donor.
The TCID of a common stock of SIVsmE543-3 varied as much
as 4 orders of magnitude (Fig. 1), depending on the donor
PBMC used for the infectivity titration. The maximal TCID
achieved for this virus stock in macaque PBMC was approxi-
mately 105 per ml, comparable to the infectivity observed in the
highly susceptible CEMx174 cell line (data not shown). The
TCIDs of donor PBMC followed a roughly Gaussian distribu-
tion as shown in Fig. 1, with the majority of macaques having
an intermediate phenotype. Interestingly, two of the most sus-
ceptible donors were also seropositive for STLV-1. However,
serology of the entire cohort revealed that two additional ma-
caques of intermediate susceptibility phenotype were also se-
ropositive for STLV-1. Thus, STLV-1 infection per se was not
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associated with increased susceptibility to SIV infection in
vitro.

Six macaques with the most diverse range in susceptibility
(444, 445, 447, 455, 458, and 460) were chosen for further
study. The titer of SIVsmE543-3 in PBMC of these six ma-
caque donors varied from 105 per ml (444 and 445) to 1 per ml
(447), with a rank order of susceptibility of 444 5 445 . 460 .
455 . 458 . 447 (Table 1 and Fig. 2). These donors were also
evaluated in parallel for susceptibility to SIVmac251 (Fig. 3);
the rank order of susceptibility remained the same as observed
with SIVsmE543-3, although the maximum titer achieved was
lower (104 per ml for 444 and 445). This difference in the
maximal titer between the two stocks is reflective of relative
infectious titers of the two stocks. The susceptibility phenotype
of these six donors was stable over a period of at least 1 year,
as shown by the results of endpoint titrations performed at
three separate times points in Table 1. Indeed the endpoint
titers determined from different bleeds were remarkably con-
sistent in terms of the rank order of susceptibility, with the
most variation occurring in PBMC from macaques of interme-
diate phenotype (particularly 455).

Not only did the donor PBMC vary in terms of relative
susceptibility to SIV as determined by endpoint titers, but
variation was also observed in the amount of virus produced

during infection. The differential in virus production is evident
in the differences in intensity of RT activity in a representative
experiment in Fig. 2 and as assessed by peak p27 antigen levels
in culture supernatants summarized in Table 1. PBMC cultures
from the two highly susceptible animals produced considerably
(almost 1,000-fold) more virus than those from the most resis-
tant donor (0.2 versus 182 ng/ml), with macaques 460, 455, and
458 being intermediate. In the least susceptible donors (458
and 447), virus was initially detected in culture supernatants
early after infection but subsequently declined to baseline lev-
els. One of these donors (447) was remarkably resistant to
infection with SIV even when undiluted virus of at least 105

TCID per ml was used for infection (Fig. 2). Resistance to
infection was repeatedly observed in 10 independent infection
experiments with this particular donor.

Differential susceptibility is a property of CD41 target cells.
To determine whether resistance to SIV infection in the two
most resistant donors (458 and 447) was due to CD8 suppres-
sor factors, infections were performed using CD8-depleted

FIG. 1. Bar graph of the distribution of in vitro susceptibility of PBMC of 22
macaques as assessed by relative TCID of the SIVsmE543-3 stock. STLV-1-
seropositive macaques are indicated with black bars; STLV-1-negative macaques
are indicated with shaded bars.

TABLE 1. Sequential evaluation of intrinsic in vitro susceptibility
of macaque PBMC donors by determination of minimal TCID

of SIVsmE543-3

Macaque
Log10 minimal TCID/mla Peak SIV p27

(ng/ml)Expt 1 Expt 2 Expt 3 Mean

444 5.0 5.0 5.0 5.0 182.0
445 5.0 5.0 4.0 4.6 55.0
460 4.0 4.0 3.0 3.6 10.0
455 2.0 4.0 3.0 3.0 6.1
458 1.0 2.0 1.0 1.3 6.2
447 0.1 1.0 0.1 0.4 0.2

a Determined as the last of a serial 10-fold duplicate dilution of SIVsmE543-3
to result in infection of PBMC as measured by RT activity and/or SIV p27
antigen in culture supernatants.

FIG. 2. RT activity in culture supernatants collected at 11 days postinfection
from PBMC of six macaques infected with serial 10-fold dilutions of
SIVsmE543-3. Numbers at the top and bottom represent the log10 dilution of
virus input (i.e., 6 5 106). The minimal TCIDs for these six donors are shown to
the right.

FIG. 3. Correlation between TCID of SIVsmE543-3 or SIVmac251 in six
donors. The bar graph shows relative TCIDs of these two stocks in a represen-
tative experiment where all infections were performed in parallel. This result was
confirmed in two independent experiments.
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PBMC. As shown in Table 2, depletion of CD81 lymphocytes
had no effect on the TCID of SIVsmE543 in the more resistant
macaque’s PBMC. Flow cytometric analysis revealed that low
proportions of CD81 T lymphocytes remained in these cul-
tures. Sequential flow cytometry of these cultures revealed that
the relative proportion of CD81 T cells increased over time
after infection, with no apparent difference between donors
(data not shown). A second depletion of CD81 T cells from
cultures at 3 days after SIV infection had no effect on the
relative susceptibility of the cultures. MDM from these resis-
tant macaques (458 and 447) were also highly resistant,
whereas MDM from 444 and 460 were highly susceptible to
infection with SIVsmE543-3 (Table 2). These cultures were
not evaluated by flow cytometry for residual CD81 T cells, but
T cells would be unlikely to survive for the over 14 days in the
absence of IL-2 or PHA.

To confirm that the resistant phenotype was a property of
the CD41 target cells of individual macaques, T-cell lines of
each donor were derived by transformation of CD81-depleted
PBMC with HVS. Flow cytometry of the resulting T-cell lines
as summarized in Table 3 revealed that the majority (93 to
98%) of lymphocytes in these cultures expressed CD4, with a
low proportion (1 to 6.4%) of CD81 T cells. CD8 depletion
was used to remove residual CD81 lymphocytes (,1%) prior
to infection. PCR analysis using HTLV/STLV-specific gag
primers revealed that the T-cell lines from the STLV-positive
macaques did not contain STLV provirus (data not shown).
Susceptibility of each of the HVS lines was assessed in parallel
with PBMC cultures from the cohort using the limiting dilution
assay. As shown in Fig. 4, the relative susceptibility of these
T-cell lines was similar to that of PBMC from the same donors.
Thus, the rank order in susceptibility was the same as observed

with PBMC cultures although the titers achieved were overall
10-fold lower.

Characterization of PBMC and HVS lines. To determine
whether there were major differences in the percentage of
CD41 T cells, CCR5 expression, or T-cell activation in these
six macaques, flow cytometry on PBMC and HVS-transformed
cell lines was performed as summarized in Tables 3 and 4. For
the PBMC samples, the percentage of CD41 T cells ranged
from 36.1 to 64.1%. No consistent differences in the percent-
age of CD41 T cells or in the proportion of activated (DR1),
CD31, or CD41 T cells were observed. No consistent pattern
of activation markers were observed among the HVS lines.
The percentage of CD31 or CD41 T cells that expressed the
DR antigen also varied (12.2 to 30.4%), with no apparent
correlation between the percentage of DR-expressing cells and
intrinsic susceptibility. For example, 445 and 447, which had
highly diverse susceptibility phenotypes, had similar levels of
DR expression of CD31 T cells. Likewise, the frequency of
CD31 cells that coexpressed CD45RA and CD62L, which are
markers believed to be expressed by naive T cells, also varied
widely (7.1 to 47.6% of CD31 T cells). We were particularly
interested to determine whether variation in the expression of
CCR5, a major coreceptor for SIV, might explain the differ-
ences in susceptibility. Expression of CCR5 on HVS-trans-
formed cell lines from the six donors varied (Table 3 and Fig.
5); however, a higher level of expression did not correlate with
a higher degree of susceptibility. For example, 445, one of the
most susceptible donors, had one of the lowest percentage of T
cells expressing CCR5. Thus, differential expression of CCR5
is unlikely to explain the observed differences in SIV suscep-
tibility.

We reasoned that PBMC from the most resistant donors
(458 and 447) might not be responding adequately to the
mitogens (PHA and IL-2) used for activation. Differential re-
sponses of CD41 T cells to mitogens could have a major
impact on infectivity of PBMC cultures. The ability of PBMC
from the six donors to proliferate upon exposure to mitogens
such as concanavalin A, PHA, and Staphylococcus enterotoxin
B was evaluated using thymidine incorporation as a measure of
cell proliferation. All donor PBMCs responded vigorously to
each of these mitogens; the response to PHA in one represen-
tative experiment is summarized in Table 5. High baseline
proliferation of PBMC in the absence of mitogens was ob-

TABLE 2. Susceptibility phenotype is a property of CD41 T cells
and macrophages

Macaque
Log10 TCID in:

PBMCa CD82 PBMCb MDM

458 1.3 1.5 (0.9) 2
447 0.1 ,1.0 (2.6) ,1

460 3.6 4.0 (2.8) 4
444 5.0 5.0 (2.8) 4
445 4.6 4.0 (2.0) NDc

a Mean TCID from three independent experiments.
b Mean TCID from two independent experiments. Numbers in parentheses

are percentages of CD81 T cells in cultures at the time of infection in one
experiment.

c ND, not determined.

TABLE 3. Lymphocyte subset analysis of HVS-transformed T-cell
lines from six different rhesus macaque donors

Macaque

% of lymphocytes of indicated phenotype

CD41 CD81 CD31
CD31 T cells

DR1 45RA1 45RA1 62L1 CCR51

444 98.7 1.0 98.9 11.8 98.2 23.0 8.6
445 93.4 6.4 99.2 8.3 98.8 19.0 10.8
460 95.8 3.6 98.8 19.8 98.3 26.3 24.4
455 94.3 5.1 97.6 16.8 97.2 22.4 15.6
458 97.5 1.9 97.9 22.6 97.2 13.4 27.8
447 94.7 5.0 98.7 4.2 97.9 14.6 7.9

FIG. 4. Correlation between susceptibility to SIVsmE543-3 of PBMC and
HVS-transformed T-cell lines. The bar graph shows relative TCIDs of
SIVsmE543 in PBMC and HVS lines of the six macaques.
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served for three of the donors (444, 445, and 455). Such an
increase could indicate a high proportion of activated cells in
PBMC from these donors. However, comparison of baseline
proliferation of PBMC of donor 444 and 447 on five separate
occasions (1,690 and 1,806 cpm, respectively) revealed no sig-
nificant difference. Critically, PBMC from the two most resis-
tant donors appeared to be fully competent to proliferate in
response to mitogens. Therefore, the resistance of PBMC from
macaques 458 and 447 is unlikely to be due to the inability to
respond to mitogen stimulation.

Levels of plasma viremia correlate with intrinsic suscep-
tibility. The six macaques were inoculated intravenously
with equivalent amounts of SIVsmE543-3 and monitored for
seroconversion, recovery of infectious virus from PBMC
cultures, and plasma viral RNA levels. All macaques became
persistently infected, as evidenced by rescue of infectious
virus from their PBMC by cocultivation with CEMx174 cells
(data not shown). However, the success of recovery of in-
fectious virus from the two least susceptible donors was
considerably less than for the other four macaques. Each of
the animals developed SIV-specific antibodies as well as SIV
Gag and/or Env-specific CTL by 3 weeks postinoculation
(data not shown). As shown in Fig. 6A, plasma viremia

monitored over the first 18 weeks of infection was highly
variable, ranging from ,500 copy eq/ml to .108 copy eq/ml.
The rank order in viral load was the same as observed for in
vitro susceptibility. The data were analyzed by Spearman
rank correlation coefficient analysis (Fig. 6B and Table 6). A
highly significant correlation was observed between the in-
trinsic susceptibility (as assessed by TCID) and plasma vire-
mia at either peak primary viremia (r 5 0.9429, P , 0.01),
2 weeks (r 5 0.9429, P , 0.01), or 8 weeks (r 5 0.8857, P ,
0.05) postinoculation. Although primary plasma viremias in
animals 444, and 445, the two most susceptible macaques,
were indistinguishable, their viral load set points established
by 8 weeks postinoculation differed by 2 orders of magnitude
(106 versus 108). Macaque 445 mounted only a transient
antibody and CTL response. This animal developed persis-
tent diarrhea and wasting that necessitated euthanasia at 16
weeks postinoculation, a disease course characteristic of
rapid progression. This result suggests that although intrin-
sic susceptibility can have a major role in determining the
degree of initial plasma viremia, immune responses are
clearly capable of modulating subsequent viremia to various
degrees in different individuals.

FIG. 5. Flow cytometric analysis of CD31 T cells in HVS-transformed T-cell lines for expression of CCR5 using monoclonal antibody 2D7. The percentage of cells
expressing CCR5 is shown at the top right of each panel. Analysis of the Maji/CCR5 cell line is shown on the bottom right as a positive control for staining of CCR5.

TABLE 4. Lymphocyte subset analysis of PBMC from rhesus macaques

Macaque

% of lymphocytes of indicated phenotype

CD41 CD81 CD41 CD81 CD41 DR1
CD31 T cells

CD31 DR1 CD45RA1 45RA1 62L1

444 64.1 27.0 1.1 22.7 75.6 30.4 74.3 47.6
445 37.4 52.2 1.2 19.8 82.7 12.2 81.0 18.6
460 36.1 36.9 1.1 18.4 58.8 29.8 52.7 17.5
455 39.8 43.4 4.1 nd 85.0 18.3 82.6 20.4
458 53.2 33.0 3.3 16.4 66.8 20.7 63.7 7.1
447 44.1 49.1 1.8 14.1 92.1 12.2 89.4 11.9
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DISCUSSION

The mechanistic basis for differences in disease course
among HIV-infected humans and SIV-infected macaques is
obviously complex and multifactorial, encompassing both host
and viral factors. The present study focused mainly on intrinsic,
nonimmune host factors that influence disease course in SIV
infection. We demonstrate that the CD41 T cells of different
rhesus macaques can vary significantly in susceptibility to in-
fection by SIV in vitro. The different phenotypic properties of
macaque PBMC cultures are stable over long periods of time.
Most importantly, this property correlates significantly with the
susceptibility of these macaques to SIV infection in vivo. The
correlation between in vivo viremia and in vitro susceptibility is
the most robust during primary viremia, consistent with previ-
ous observations that the extent of early viremia is predictive of
disease course (31, 51). These data suggest that this phenom-
enon is stable property of the CD41 target cells of the ma-
caques and exerts its effect separate from the effects of the
immune response to the virus.

Infection with STLV-1 was an extrinsic factor that could
potentially affect virus and diseases susceptibility in this small
cohort of macaques. The two most susceptible macaques were
persistently infected with STLV-1. STLV-1 infection by pro-
ducing T-lymphocyte activation could potentially increase the
number of susceptible CD41 target cells. Higher level of pro-

liferation of resting PBMC from the two STLV-positive ma-
caques may be consistent with an increased proportion of ac-
tivated cells in these animals. However, similar assays
performed at other times did not reveal consistent increases in
baseline proliferation of PBMC of these macaques compared
to other animals of the cohort. Similarly, flow cytometric anal-
ysis of the two STLV-1-infected macaques did not demonstrate
unusually high proportions of DR1 T cells. Studies of the
T-cell repertoire revealed clonal expansions primarily within
the CD81 T-cell population of all six macaques; such expan-
sions are indicative of some degree of immune activation (6),
consistent with serologic evidence of concurrent infections
such as Epstein-Barr virus, cytomegalovirus, and STLV-1.
However, there was no evidence for an unusual degree of
immune activation in the STLV-infected macaques (444 and
445). Thus, while STLV-1 infection cannot be ruled out as
influencing susceptibility to SIV infection of these two animals,
a number of lines of evidence suggest that STLV-1 infection
may be a coincidental finding in this study. First, not all STLV-
1-infected macaques evaluated for susceptibility to SIV
showed the marked increase susceptibility seen for macaques
444 and 445 (Fig. 1). Two additional STLV-infected macaques
actually were relatively resistant to SIV infection in vitro. Sec-
ond, the HVS-transformed T-cell lines of these highly suscep-
tible macaques did not contain STLV-1 provirus and yet re-
tained the highly susceptible phenotype. Third, there is
considerable precedent in the literature that infection of ma-
caques with STLV-1 or humans with HTLV-1 does not en-
hance viral load or disease progression associated with SIV or
HIV, respectively (13, 14). The association between STLV-1
infection and increased susceptibility in vitro and in vivo clearly
warrants further prospective studies.

We propose that disease progression in SIV infection of
macaques is a complex multifactorial process. In this model,
intrinsic susceptibility of CD41 T cells would be the major
determinant of the amount of viremia during primary infec-
tion. Immune activation at the time of SIV infection such as
induced by concurrent infections might also influence the level
of viremia. However, divergence in the effectiveness of cyto-
toxic T-cell responses and neutralizing antibody in two ma-

FIG. 6. Plasma viremia and the correlation between plasma viremia and in vitro susceptibility. (A) Plasma viremia in the cohort of six macaques is shown graphically
over the first 18 weeks after inoculation. Plasma samples were collected at 0, 3, 7, 10, 14, 17, 21, and 28 days and every 2 weeks thereafter. (B) The statistically significant
correlation observed between peak primary plasma viremia and TCID determined in vitro is shown in a scatter plot.

TABLE 5. Resistance of PBMC to SIV infection is not accounted
for by differential response to mitogen stimulation

Macaque
cpma Stimulation index

(Mean cpm with
PHA/mean cpm

with medium alone)Medium alone PHA 1 IL-2

444 1,790 6 847 74,300 6 8,185 41
445 4,420 6 536 263,580 6 11,631 59
460 160 6 41 203,340 6 9,612 1,270
455 990 6 553 126,510 6 5,376 127
458 170 6 106 86,130 6 14,100 506
447 140 6 39 114,940 6 8,632 821

a Mean of six individual wells 6 standard deviation.
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caques with similar primary viremia might lead to considerable
divergence in the establishment of plasma viral RNA set point.
Superimposed over the immune response to the virus would be
the evolution of virus within each individual and the potential
emergence of more virulent variants, as observed previously
for SIVmne (25) and SIVmac/BK28 (8), or neutralization and
cytotoxic T-cell escape mutants. Thus, the relative susceptibil-
ity of each macaque is not necessarily predictive of the overall
virologic and disease outcome. The most obvious example of
the impact of immune response was observed with the two
most susceptible macaques. These two macaques exhibited
very similar kinetics and levels of primary viremia. However,
one macaque (444) mounted an effective neutralizing antibody
and cytotoxic T-cell response (S. Santra and V. Hirsch, unpub-
lished observations), and viremia subsequently stabilized at
approximately 106/ml (2 logs lower than primary viremia). This
macaque has survived for 1 year with moderately high viremia
and slowly declining CD41 T-cell counts. The other macaque
(445) exhibited a transient immune response and increasing
levels of plasma viremia and rapidly developed a wasting syn-
drome by 16 weeks after SIV inoculation. Sequential CTL and
neutralizing antibody responses in this cohort are being exam-
ined and may explain some of the inconsistencies between in
vitro and in vivo viral replication.

The cellular mechanism that underlies in vitro and in vivo
susceptibility to SIV infection of rhesus macaques is not clear.
This study suggests that susceptibility to SIV infection is an
intrinsic property of CD41 T cells and macrophage target cells
rather than a CD8 suppressor cell phenomenon. Preliminary
studies of viral entry using a PCR-based assay suggest that viral
replication in resistant macaque PBMC is blocked at a step
following viral entry. Since the phenomenon is observed both
in vitro and during primary infection, differences in suscepti-
bility are unlikely to be due to differences in MHC class I
haplotype and/or differential efficacy of the cellular immune
response of the animals. Some potential mechanisms to be
considered include differential expression or allelic polymor-
phism of cellular factors that interact with or are required for
virus replication. This includes any of the critical coreceptors
(CCR5, Bob, and Bonzo) or cellular factors that interact with
Tat, Rev, Vpr, Vif, or preintegration complexes. Further stud-
ies will be required to define the stage(s) in the viral replication
study affected in PBMC from resistant donors compared to
susceptible donors.
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